A b s t r a c t Introduction: CCN4, also termed WNT-inducible signaling pathway protein-1 (WISP-1), has important roles in inflammation and tissue injury. This study aimed to investigate the effect of CCN4 inhibition using monoclonal anti-CCN4 antibody (CCN4mAb) on the liver injury and fibrosis in a mouse model of liver fibrosis.
Introduction
In the liver, the progressive accumulation of connective tissue, termed fibrosis, represents a very frequent event in hepatic disorders [1] . The mortality of patients with liver fibrosis is gradually increasing [2] and longterm liver fibrosis can lead to hepatocellular carcinoma, which is a challenging malignancy worldwide [3] . Although many agents have been used to treat hepatic fibrosis, there is hardly any effective treatment [4] . An effective therapy for treatment of hepatic fibrosis is thus urgently needed.
The CCN family of proteins, including 6 members, shows a high degree of structural similarity [5] . CCN2, a down-stream mediator of transforming growth factor (TGF)-β, is overexpressed in fibrotic disorders found in a variety of tissues and organs and has been shown to display distinct pro-fibrotic function [6] . However, deletion of CCN2 does not suffice to prevent fibrosis of the severely injured kidney [7] . CCN3, another member of the CCN family, is a negative regulator of CCN2 and an inhibitor of renal fibrosis [8] . CCN3 was also implicated in cirrhosis [9] . These find-ings indicate that fibrogenic induction is complex and regulated by CCN family members functioning together [10] .
CCN4, also termed WNT-inducible signaling pathway protein-1 (WISP-1), has been implicated in fibrosis [11, 12] . CCN4 can stimulate cardiomyocyte hypertrophy, fibroblast proliferation, and extracellular matrix (ECM) expression [11] . Further data show that CCN4 mediates pulmonary fibrosis, and neutralizing monoclonal antibodies (mAbs) specific for CCN4 reduced the pulmonary fibrosis in a mouse model [12] . CCN4 is also upregulated in patients with idiopathic pulmonary fibrosis [12] . However, it remains elusive whether CCN4 contributes to hepatic fibrosis. Here, we investigated whether specific blockade of CCN4 could attenuate chronic liver injury and fibrosis in a mouse model induced by carbon tetrachloride (CCl 4 ).
Material and methods

Mouse hepatic fibrosis induction and treatments
All procedures were approved by the Ethics Committee of our hospital. Eight-week-old male C57BL/6 mice were used and maintained under standard conditions. Hepatic fibrosis was induced by subcutaneously injecting a 1 : 1 solution of CCl 4 in olive oil (Chemical Agent Company of Shanghai, China). The solution was administered three times a week for 4 weeks. At the end of the 1 st week, CCl 4 -injected mice were divided into two groups: CCl 4 injection alone and CCl 4 injection plus CCN4mAb by subcutaneous infusion twice a week. The usage of CCN4mAb was based on previous literature [13] .
The animals were divided into three groups (n = 12 per group): (1) group 1, normal control with vehicle (saline/olive oil) alone by subcutaneous injection administration; (2) group 2, CCl 4 (dissolved in olive oil) alone by subcutaneous injection; (3) group 3, CCl 4 by subcutaneous injection + CCN4mAb by subcutaneous injection.
Sample collection and histopathologic analysis
Mice were sacrificed at the end of the 4 th week after initial injection (24 h after the last injection). Serum was obtained and stored at -20°C. Liver tissues were fixed in 10% phosphate-buffered formalin and embedded in paraffin. The paraffin blocks were cut into tissue sections (4 μm). Sections were stained with hematoxylin and eosin. The collagen accumulated in the liver sections was stained with 0.1% Picro-Sirius Red (Polysciences Inc.) and quantified by Image Analyzer (Leica Microsystems Ltd.). The percentage area of the total amount of collagen was determined by the sum areas of Siri- 
Determination of serum alanine aminotransferase (ALT) activity
The ALT assay was performed using a commercially available kit according to the manufacturer's protocol (Wako Pure Chemical).
RNA extraction and reverse transcriptase polymerase chain reaction (RT-PCR)
Total RNA was extracted from liver tissue using Trizol (Life Technology). The preparation of the firststrand cDNA was performed using First-Strand Synthesis System (Invitrogen). The CCN4 mRNA was measured by RT-PCR. The primers for CCN4 were: forward: 5'-AGAGCCGCCTCTGCAACTT-3', reverse: 5'-GGAGAAGCCAA GCCCATCA-3'. GAPDH was amplified as an internal control.
Measurement of TNF-α, IL-6 and CCL2
Sera were collected for the measurement of tumor necrosis factor (TNF)-α, interleukin (IL)-6 and CCL2 by ELISA (R&D Systems) according to the manufacturer's instructions.
Western blot
The liver tissues were lysed at 4°C in RIPA buffer (Qiagen) and extracts clarified at 12,000×g for 25 min. Aliquots (60-90 μg protein) were electrophoretically separated, transferred to nitrocellulose membranes, incubated overnight with specific primary antibodies (anti-TGF-β1, 1 : 2000, anti-α smooth muscle actin (anti-α-SMA) antibody, 1 : 1000; anti-CCN4 antibody, 1 : 500; 1 : 1000; anti-β-tubulin antibody, 1 : 5000; all from Abcam). After washing three times, primary antibodies were detected with secondary antibody (Abcam, 1 : 5000). Immunoreactive proteins were visualized with ECL reagent and quantitated by densitometry. Activity of nuclear factor-κB (NF-κB) was determined by active NF-κBp65 (Abcam, 1 : 2000) using Western blot. Histone H3 was used as a nuclear internal control.
Statistical analysis
Data were expressed as mean ± SD. Statistical comparison between groups was done using the Kruskal-Wallis test. Value of p < 0.05 was considered statistically significant.
Results
Enhanced CCN4 expression in CCl 4 -induced liver fibrosis
As expected, livers from group 2 exhibited increased mRNA (0.51 ±0.17 vs. 1.51 ±0.36, p < 0.01) and protein levels (0.5 ±0.13 vs. 1.7 ±0.30, p < 0.01) of CCN4, when compared with group 1 (Figure 1 ).
CCN4mAb reduced CCl 4 -induced necrosis, inflammatory infiltration and cellular injury
We found that CCl 4 treatment induced the formation of necrosis in the liver with large amounts of inflammatory infiltration surrounding the centrilobular veins (Figure 2 B) . The CCN4mAb treatment significantly attenuated the necrosis ( 
CCN4mAb inhibited activity of NF-κB induced by CCl 4
Chronic CCl 4 administration increased the activity of NF-κB to 4-fold relative to group 1 (p < 0.01) (0.12 ±0.07 vs. 0.81 ±0.11 vs. 0.37 ±0.08, p < 0.05, 
CCN4mAb inhibited protein expression of pro-fibrotic factors
Discussion
In this study, we tested the effects of CCN4 inhibition on liver injury and fibrosis. Due to the absence of specific inhibitors of CCN4, we used CCl4mAb in this study. As a result, CCN4mAb administration effectively attenuated the CCl 4 -induced liver injury and fibrosis.
CCN4 is overexpressed in normal skin fibroblasts and it can stimulate cell proliferation and induces morphological transformation [14] . CCN4 exerts prohypertrophic and mitogenic effects stimulating cardiac fibroblast proliferation, and collagen expression [11] . The pro-fibrogenic role of CCN2 has been widely accepted, and the CCN2/ TGF-β1 axis plays an important role in the development and progression of fibrosis in many organ systems, including the liver [15] . In contrast, CCN3/NOV small interfering RNA enhances fibrogenic gene expression in primary hepatic stellate cells and a cirrhotic fat storing cell line [9] . Our results suggest that increased CCN4 activity is pres- ent in CCl 4 -induced liver fibrosis and contributes to fibrogenesis. Inflammation was closely associated with liver fibrosis [16, 17] . The NF-κB is a nuclear transcriptional activator that plays a central role in the stress response and inflammation. Activation of NF-κB can promote the production of collagen and inflammatory chemokines in the process of liver fibrosis [18] . Accumulating evidence has indicated that monocyte infiltration into the liver is a major pathogenic factor for chronic hepatic inflammation and fibrosis [19] . In the present study, administration of CCN4mAb reduced CCl 4 -induced expression of TNF-α, IL-6 and CCL2. Also, CCN4mAb reduces the activity of NF-κB. All these data lend support to the pro-inflammatory property of CCN4. We propose that the anti-inflammatory effect of CCN4mAb may in part be regulated by NF-κB, TNF-α, IL-6 and CCL2, which could attenuate the downstream inflammatory process.
The TGF-β1 is a well-established major fibrogenic cytokine mainly produced by α-SMA-positive myofibroblasts [20, 21] . α-SMA may be a valuable marker in the evaluation of fibrosis progression [22] . We found that CCl 4 -induced increased expression levels of TGF-β1 and α-SMA were reduced by CCN4mAb. Thus, the protective effect of CCN4mAb may be partly due to decreased activation of pro-fibrotic factors. Consistent with our study, CCN3 overexpression prominently repressed type I collagen and α-SMA gene expression and also showed a decrease in CCN4 gene expression [10] . In contrast, CCN3 small interfering RNA enhances fibrogenic gene expression in primary hepatic stellate cells and the cirrhotic fat storing cell line CFSC [9] . These findings indicate that fibrotic gene induction is under the control of a complex network involving different CCN family members.
Our results offer new insights into the potentially important role of CCN4 in hepatic fibrosis. CCN4 blockade via CCN4mAb has protective effects on attenuating CCl 4 -induced liver injury and fibrosis. The precise mechanism of CCN4 in liver fibrosis remains unclear and it requires further investigations into the role of this potentially important factor in liver fibrosis.
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